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ABSTRACT
We use Milky Way–like chemodynamical simulations with a new treatment for dust
destruction and growth to investigate how these two processes affect the properties of
the interstellar medium in galaxies. We focus on the role of two specific parameters:
fdes (a new parameter that determines the fraction of dust destroyed in a single gas
particle surrounding supernova) and Cs (the probability that a metal atom or ion sticks
to the dust grain after colliding, i.e., the sticking coefficient) in regulating the amount
and distribution of dust, cold gas and metals in galaxies. We find that simulated
galaxies with low fdes and/or high Cs values produce not only more dust, but they
also have a shallower correlation between dust surface density and total gas surface
density, and a steeper correlation between dust–to–gas ratio and metallicity. Only for
values of fdes between 0.01 and 0.02, and of Cs between 0.5 and 1 our simulations
produce an average slope of the dust–to–gas ratio versus metallicity relation consistent
with observations. fdes values correspond to a range of a total fraction of dust destroyed
by a single supernova between 0.42 and 0.44. Lastly, we compare predictions of several
simulations (with different star formation recipes, gas fractions, central metallicities,
and metallicity gradients) to the spatially resolved M101 galaxy, and conclude that
metallicity is the primary driver of the spatial distribution of dust, while dust–to–
gas ratio controls the cold gas distribution, as it regulates the atomic–to–molecular
hydrogen conversion rate.
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1 INTRODUCTION
Interstellar dust represents a small fraction of the total mass
budget of galaxies, about 0.01 of the interstellar medium
(ISM) and 0.001 of the stellar mass (Draine 2007; Smith et
al. 2012). Despite its small amount, it has a significant influ-
ence on the spectral energy distribution of galaxies (SED)
through absorption and scattering of the ultraviolet (UV)
radiation and re–emission of the far–infrared and submil-
limeter photons (see Draine 2003 and Galliano et al. 2018
for reviews). Accordingly, when calculating quantities such
as star formation rate (SFR) from observed fluxes, a dust
correction has to be applied. Dust also forms a catalyst
on which molecules form, in particular, molecular hydrogen
forms (H2; Wakelam et al. 2017) and hence supplies star
formation with its necessary fuel (e.g., Fukui & Kawamura
2010). Cazaux & Tielens (2004) found that for temperatures
6 20 K, the efficiency of H2 formation on dust grains is near
unity and is highly efficient at high temperatures too. More
⋆ E-mail: omima.osman@icrar.org
generally, dust affects the chemistry of the ISM by affecting
the chemical pathways of a number of the ISM molecules
that form on its surface (Dulieu et al. 2013).
Our understanding of dust formation and evolution has
evolved through decades of study. Asymptotic giant branch
(AGB) stars and supernovae (SNe) are widely accepted as
the primary sources of what is called ‘Stardust’. AGB stars
supply the ISM with either oxygen–rich or carbon–rich dust
depending on the ratio of carbon to oxygen in their atmo-
spheres (e.g. Sargent et al. 2010; Srinivasan et al. 2010),
contrarily to SNe which supply the ISM with both types
of dust (Dwek 1998; hereafter D98). Theoretical studies
indicate that SNe produce 0.1–1 M⊙ of dust (Bianchi &
Schneider 2007; De Looze et al. 2017), while AGB stars pro-
duce 10−3–10−2 M⊙ (Ferrarotti & Gail 2006; Ventura et
al. 2012a; 2012b; Dell’ Agli 2017a; 2017b) with a significant
dependence on the stellar metallicity.
Dust grains experience many destruction processes
caused by SNe such as thermal and non–thermal sputtering.
Dust produced by SNe passes through the shocked region be-
fore arriving in the ISM, in this passage, most of the small
c© 2005 The Authors
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Table 1. Summary of recent literature on dust physics using hydrodynamical simulations. DM, AGN, and PEH stand for dark matter,
active galactic nuclei, and photoelectric heating, respectively.
Paper New physics input in the simulations Summary
Bekki 2013 Dust formation, growth, destruction, Star formation histories of disc galaxies are regulated by dust evolution
and H2 formation on dust. since H2–dependent star formation is controlled by dust properties.
Bekki 2015 Treating dust as separate component Radiation pressure of stars plays important role in dust distributions and
of the galaxy (DM, stars, gas, and dust). accordingly in gas distributions, chemical abundance and H2 fraction as well.
McKinnon et al. 2016 Dust formation, growth, and destruction Both Stellar and AGN feedback are important in reproducing the observed
in cosmological zoom–in simulations dust–metallicity relation. At redshift (z) = 0 dust originated from SNe
(implemented in the moving–mesh type II dominates dust originated from AGB stars.
code AREPO).
Zhukovska et al. 2016 Dust formation, growth, and destruction The dust sticking coefficient decreases with the gas temperature.
in multiphase, inhomogeneous ISM.
Forbes et al. 2016 Time and space varing PEH in dwarf PEH feedback dominates SNe feedback (but see Hu et al. 2017).
galaxies.
Aoyama et al. 2017 Grain shattering, coagulation, and grain Grain growth by accretion is triggered by shattering and becomes active
size distribution (presented by two when the galaxy is of age of 0.2 Gyr. Coagulation becomes significant when
populations, small and large grains). the abundance of small grains is high enough at ∼ 1 Gyr.
Hou et al. 2017 Grain shattering, coagulation, grain size Extinction curves evolve consistently with dust evolution, being flat with no
distribution (presented by two 12175 A˚ bump in the early evolution stages (t 6 0.3 Gyr) due to the
populations, small and large grains), and domination of large grains produced by stars. Then they become
chemical composition of dust grains. steeper with prominent 2175 A˚ bump when grain growth and shattering
become efficient.
McKinnon et al. 2018 Dust grains dynamics and size evolution. Presented a novel numerical framework for the dynamics and size evolution
of dust grains and demonstrated the importance of shattering in
steepening extinction curves.
Gjergo et al. 2018 Grain shattering, coagulation, grain size At z > 3 proto–cluster regions are already rich in dusty gas and the
distribution (presented by two, dust properties at this stage is significantly different from those observed
populations, small and large grains), in the Milky Way.
and chemical composition of dust grains
in galaxy clusters.
Hu et al. 2019 Dust dynamics in turbulent multiphase Dust destruction timescale (τ) is 0.35 Gyr for silicate dust and 0.44 Gyr
ISM. for carbon dust in solar neighbourhood conditions and they
are dependent on the SN environment.
dust grains are destroyed. As a result, the grain size distribu-
tion is biased towards large grains, 0.1 µm. Grains produced
by AGB stars are also biased towards 0.1 µm (Gauger et al.
1999; Kozasa et al. 2009; Yasuda & Kozasa 2012). In the
low–density ISM, dust destruction by SNe remnants contin-
ues in a timescale of a few hundreds of Myrs (Barlow 1978;
Mckee 1989; Jones et al. 1994; Nozawa et al. 2006; Yamasawa
et al. 2011; Andersen et al. 2011). This timescale depends
on the total mass of the ISM, the mass of the ISM swept up
by SNe (Mswept), the destruction efficiency of SNe, and SNe
rate. Nozawa et al. (2006) considered Mswept dependency
on the gas density and found that the lower the gas density
is, the higher the Mswept is, and hence the process is more
efficient. They also found that SNe destruction efficiency in-
creases as a function of the explosion energy (Esn) and/or
the ISM gas density, and has a dependence on the initial size
distribution of dust and the sputtering yield.
Mckee (1989) reported that only about 20% of the dust
produced could survive destruction processes. This fraction
does not account for the dust amounts observed in low and
high redshift galaxies (Jones et al. 1994; Bertoldi et al. 2003;
Mattsson 2011; Kuo & Hirashita 2012; McKinnon et al.
2016; Ginolfi et al. 2018; Aoyama et al. 2018; McKinnon
et al. 2018). Dust growth in the ISM by accretion of the
gas–phase metals onto pre–existing dust cores is assumed to
solve the puzzle of the missing dust (Dwek & Scale 1980).
Dust growth is most efficient in dense neutral and molec-
ular clouds with density nH ≈ 10
2
− 103cm−3 (Hirashita
2000). Inoue (2011) and Asano et al. (2013) argued that
there is a critical metallicity above which the contribution
of dust growth overcomes the contribution of stellar sources
to the dust mass. Since accretion is a surface process, it is
highly dependent on the grain size distribution. Small grains
are favoured in the process because of their higher surface
to volume ratios (Hirashita & Kuo 2011). Accordingly, this
process changes the total dust mass and the grain size dis-
tribution. Zhukovska et al. (2016; 2018) concluded that dust
growth is essential to explain the depletion levels of silicon
and iron in the Milky Way.
The balance between dust destruction processes and
dust growth determines the dust mass in an isolated galaxy
to a large extent. In this framework, parameters such as
dust destruction efficiency (Fdes) and dust sticking coeffi-
cient (Cs: the probability that a metal atom or ion sticks
MNRAS 000, 1–?? (2005)
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to the dust grain after colliding) affect dust abundance sig-
nificantly. Cs is mainly taken to be unity in literature with
a few exceptions that adopted lower values (e.g. Hirashita
2000; Hirashita & Kuo 2011; Aoyama et al. 2017), while
Fdes is taken to be 0.1 following Mckee (1989) and Nozawa
et al. (2006) (e.g. Asano et al. 2013). McKinnon et al. (2016)
adopted Fdes of 0.3. Table 1 contains a summary of recent
literature that used hydrodynamical simulations to study
dust. Despite the commonly used values of Fdes and Cs in
literature, Fdes and Cs vary according to the dust properties
and composition, and the properties of the ambient medium
(e.g., Jones et al. 1994; Serra Diaz–Cano & Jones 2008; Boc-
chio et al. 2014; and references therein).
Thus, the purpose of this paper is to study the influence
of the variations of dust parameters on the dust–to–gas ratio
versus metallicity relation, and dust and gas spatial corre-
lations. We also attempt to constrain the possible range of
those parameters. To this end, we use a chemodynamical
simulation that takes into account the dependence of the
destruction and growth processes on the ISM gas properties
such as density, temperature, and metallicity. The simula-
tion used in this study can track the processes mentioned
above and H2 formation on dust grains, i.e. can predict si-
multaneously dust and H2 properties which are not possible
in other simulations (e.g. Krumholz, McKee & Tumlinson
2009; Fu et al. 2010; Kuhlen et al. 2012). Furthermore, we
introduce a new parameter fdes. fdes is a parameter that
determines the fraction of dust destroyed in a single SPH
particle surrounding SN, i.e. in our simulation, SNe effect
on dust extends to the neighbouring gas particles (see sec-
tion 2.2 for more details). In the rest of this paper, we focus
on studying and constraining fdes and Cs referred to as dust
parameters.
Despite the improvements mentioned above, our simula-
tion has limitations regarding the dust physics implemented.
For instance, we do not include shattering, grains size dis-
tribution, and grains composition. Additionally, it is diffi-
cult to resolve ISM densities where a significant fraction of
the dust growth occurs (nH ≈ 10
2
− 103cm−3; Hirashita
2000). To address this problem Hirashita & Aoyama (2019)
and Aoyama et al. (2017), for instance, switched on dust
growth in gas particles with densities higher than 10 cm−3
and temperatures below 103 K, this gas is assumed to host
the unresolved dense gas where growth occurs. In the present
simulation, the resolution of the gas particles is not enough
as well (mg = 3× 10
4M⊙; see Table 2 for full parameter de-
scription). Although a small fraction (1%) of the ISM in our
simulation lies in the range identified by Hirashita (2000)
for the characteristic density for dust growth, dust growth
in our simulation is switched on in all gas particles. In this
case, dust growth occurs throughout the ISM; however, dust
grains can hardly grow in low–density environments and vice
versa. Effects of the simulation resolution are addressed in
section 5.
To tackle the tasks of this paper, we used the dust–to–
gas ratio versus metallicity (log(D/G)–[12 + log(O
H
)]), H2
and total gas surface densities versus dust surface density
(ΣH2–ΣD, ΣG–ΣD) relations. While log(D/G)–[12+log(
O
H
)]
provides insights into the time evolution of the dust content
and its processing in the ISM (Leroy et al. 2011; Galliano
et al. 2011; Sandstrom et al. 2013; Remy–Ruyer et al. 2014;
Aoyama et al. 2017; Roman-Duval et al. 2017; Relano et
al. 2018), ΣH2–ΣD and ΣG–ΣD give insights into dust spa-
tial correlations. In particular, ΣH2–ΣD provides informa-
tion about the spatial relationship between the two and the
interplay between H2 formation enhanced by dust and dust
growth enhanced in molecular clouds. ΣG is observed to be
well correlated with ΣD (e.g. Leroy et al. 2011). The combi-
nation of those relations allows us to use the temporal and
spatial properties of the dust to make our predictions.
We also attempt to compare predictions of the simu-
lation to the data of the spatially resolved M101 galaxy.
M101 is a galaxy with a wealth of observational data and a
large metallicity gradient that ranges from 7.8 to 8.7 in oxy-
gen abundance units (Croxall et al. 2016). This wide range
of metallicity is representative of a variety of environments
which makes M101 galaxy useful for testing our simulation.
The rest of this paper is organised as follows: description
of the chemodynamical simulation is given in section 2, the
main results are displayed in section 3. Sections 4 and 5
contain the comparison with M101 galaxy and the discus-
sion and conclusions of the study.
2 THE MODEL
In this section, we present a modified version of the chemo-
dynamical model presented in Bekki (2013; hereafter B13).
In the present version, dust destruction and growth pro-
cesses are modelled in such a way that they depend on the
underlying ISM properties such as density, temperature, and
metallicity. The rest of the model aspects remain the same.
Hence the present version is more suitable for our purpose
since it allows variations of the dust abundance between in-
dividual gas particles. This modification, further, allows the
comparison with the spatially resolved 2D maps of observed
galaxies. In the following, we briefly describe the model
(equations and expressions presented here are the same as
in B13 with a few exceptions) and the reader is referred to
B13 for more details.
2.1 Chemical enrichment
The time evolution of eleven chemical elements such as He,
C, N, O, Mg and Ca, ejected by SNIa, SNII, and AGB stars is
followed. SNIa, SNII, and AGB stars are also dust formation
sites where some of the produced elements are incorporated
in dust grains or accreted on dust grains surfaces in the ISM.
Thus the time evolution of those elements allows prediction
of dust abundance and properties.
The amount of an element j (j = 1–11) ejected by kth
stellar particle with metallicity Zk is assumed to be equally
distributed across Nnei,k neighbour SPH gas particles sur-
rounding the kth stellar particle. Accordingly, the mass in-
crease of each j chemical element in ith SPH particle at time
t is given by the following equation:
∆zeji,j(t) =
Nnei,i∑
k=1
ms,kYk,j(t− tk)/Nnei,k , (1)
where ms,k is the mass of kth stellar particle, Yk,j(t − tk)
is the mass of each j chemical element ejected from stars
per unit mass at time t, and tk represents the time when
the kth stellar particle is born from a gas particle. A non–
instantaneous recycling of those elements is accounted for.
MNRAS 000, 1–?? (2005)
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Figure 1. A schematic illustration of how dust growth and dust destruction are implemented in the simulation. Left: the dust growth
process, sky blue and dark blue circles represent SPH gas particles. A fraction of the gas–phase metals (∆zaccm,j(t)) is accreted onto dust
grains in the central dark blue circle from all the surrounding SPH particles within the smoothing length. The total increase in dust mass
in the central SPH is then ∆dacci,j (t) =
∑Nnei,i
m=1 ∆z
acc
m,j(t). Right: dust destruction process, sky blue is the same as in the left, while the
central darker blue circle represents an expanding SN bubble. The bubble sweeps up the dust and gas in the surrounding SPH particles
as it expands (the overlap region between the central and surrounding circles). In the process, part of the swept up dust is destroyed.
MISM,i and Msweept,i are the mass of the gas particle and the mass swept up by the SN, respectively.
2.2 Dust model
We adopt the dust model proposed by D98, and it consists
of the following processes I–IV which are described in the
following for the current model.
(I) Dust formation in stellar winds of AGB stars, SNIa,
and SNII. The total mass of jth element (j = C, O, Mg, Si,
S, Ca, and Fe) in dust from kth type of stars (SNIa, SNII,
and AGB stars) is given by the following equation:
mkdust,j = δ
k
c,jFej(m
k
ej,j ), (2)
where δkc,,j is the condensation efficiency for each j chemi-
cal element from the kth stellar type, Fej is a function that
determines the amount of metals that is usable for dust for-
mation, and mkej,j is the mass of the jth element ejected
from the kth stellar type. The stellar yield tables by Tsuji-
moto et al. (1995) for SNIa and SNII, and van den Hoek &
Groenewegen (1997) for AGB stars are used to estimate the
total mass of stellar ejecta. Details of dust yields, δkc,j , and
Fej(m
k
ej,j ) are given in B13.
(II) Accretion of the ISM gas–phase metals on dust
grains surfaces. This process is mainly characterized by the
accretion timescale (τacc). Since in this study τacc is differ-
ent for different gas particles depending on their properties,
τacc is indicated by τacc,i for the ith gas particle. Hence the
mass increase of the jth element (j = C, O, Mg, Si, S, Ca,
and Fe) in dust due to accretion is given by the following
equation:
∆dacci,j (t) = ∆ti(1− fdust,i,j )di,j(t)/τacc,i , (3)
where ∆ti is the individual time step width for ith gas par-
ticle and fdust,i,j is the fraction of the jth chemical element
that is locked up in dust (see also subfigure a in Fig. 1). We
Table 2. Description of the basic parameter values for the
MW–like model.
Physical properties Parameter values
Total Mass a Mh = 10
12M⊙
Structure b rvir = 245 kpc, c = 10
Gas fraction fg = 0.1
Initial H2 fraction 0.01
Initial metallicity/gradient [Fe/H]0 = 0.30 dex/−0.04 dex/kpc
Initial (dust/metal) ratio 0.4
SF c H–dependent, ISRF, ρth = 1 cm
−3
IMF Salpeter (α = 2.35)
Softening length εdm = 935 pc, εg = 94 pc
Gas mass resolution mg = 3× 104M⊙
a Mh = Mdm + Mg, where Mdm and Mg are the total
masses of dark matter halo and gas in a galaxy, respec-
tively.
b For the structure of the dark matter halo NFW profile
with a virial radius (rvir) and a c–parameter is adopted.
c ρth is the threshold gas density for star formation. The
interstellar radiation field (ISRF) is included in the esti-
mation of H2 mass fraction in this model.
adopt the formula presented by Asano et al. (2013; Eq. 20)
for τacc,i .
Csτacc,i = 2× 10
7
× (
a¯
0.1µm
)× (
nH,i
100cm−3
)−1
×(
Tg,i
50K
)−
1
2 × (
Zi
0.02
)−1yr,
(4)
where Cs, a¯, nH,i, Tg,i, and Zi are the dust sticking coeffi-
cient, typical size of grains (taken to be 0.1µm), hydrogen
number density, temperature, and metallicity of the ith gas
particle, respectively. Dust growth is switched on in all gas
MNRAS 000, 1–?? (2005)
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particles, i.e. it occurs throughout the ISM, however, with a
rather long timescale in low–density environments and vice
versa. This process leads to depletion of gas–phase elements,
accordingly, the mass of the jth element in the gas decreases
by the same amount, i.e.
∆zacci,j (t) = −∆d
acc
i,j (t). (5)
(III) Dust destruction by energetic SNe explosions. This
process decreases the mass of jth element in dust and in-
creases its amount in the gas by the same value. Here we do
not use the destruction timescale as is usually used in lit-
erature to characterize dust destruction (e.g. Dwek & Scale
1980; Mckee 1989; D98; B13), we implement the process ac-
cording to the following steps instead:
1. The location of SNII events is identified at each time
step in the simulation. All SNe deposit the same amount of
energy into the ISM (see section 2.5).
2. Gas particles within the smoothing length (εg) from
the centre of the kth SN are identified as neighbours (Nnei,k).
The number of neighbours is approximately 50.
3. Estimating the destruction efficiency. First, the den-
sity and mass of the ISM (nH,k and MISM,k) surrounding
the kth SN are estimated by averaging over the density and
mass of the gas in its neighbour SPH particles as defined
in step 2. Then, we use Eq. A3 and the overall results for
model C20 in Table 8 in Nozawa et al. 2006 to calculate the
destruction efficiency Fdes,k.
logFdes,k = a(lognH,k)
2 + b(lognH,k) + c, (6)
where a = −0.067, b = 0.33, and c = −0.47. Nozawa et
al. 2006 also defines the destruction efficiency as the ratio
between the mass of dust destroyed and the mass of dust
swept up by the shock. Fdes,k is then normalized by 0.34
(Fdes,k for nH = 1 cm
−3). Additionally, we assume that dust
is well mixed in the gas and hence the fraction of the ISM
swept up by SN (
Mswept,k
MISM,k
) equals to the fraction of dust
swept up (
Mdust,swept,k
Mdust,k
). Mswept,k is defined as the mass of
gas swept up by SN shock until the shock velocity decelerates
below 100 km/s. Because MISM,k is approximately the same
for all SNe (the mass and number of neighbour gas particles
is approximately constant), the swept up dust fraction is
proportional to Mswept,k (Mswept,k ∝ n
−0.142
H,k ; Nozawa et al.
2006 Eq. A4). This assumption together with the destruction
efficiency definition from Nozawa et al. allow us to estimate
the total mass of dust destroyed. We indicate this quantity
by ǫdes,k.
4. The final step involves sharing the total mass of dust
destroyed equally among the Nnei,k gas particles, i.e. reduc-
ing the dust mass in each i gas particle by a certain amount,
ǫdes,i.
ǫdes,i = fdesǫdes,k, (7)
where fdes is a parameter that determines the fraction of
dust destroyed in a single SPH particle surrounding SN. Ac-
cordingly, the total amount of dust destroyed by the kth
SN in our models (ǫdes,i × Nnei,k) is no longer the same as
Nozawa’s unless fdes equals 0.02 and Nnei,k equals 50. Fig.
1b illustrates the destruction process in our models. The
Table 3. Description of the χ2 fit parameter symbols used
in this study for the dust spatial correlations.
Symbol The meaning
αH2l slope of the linear correlation
between ΣH2 and ΣD
αGl slope of the linear correlation
between ΣG and ΣD
αH2nl slope of the nonlinear correlation
between ΣH2 and ΣD
αGnl slope of the nonlinear correlation
between ΣG and ΣD
P the power index in the nonlinear correlation
case
change in the mass of the jth element in dust due to de-
struction is hence
∆ddesi,j (t) = −ǫdes,i. (8)
In the previous version of the code (B13), the change
in the mass of the jth element in dust due to destruction is
estimated using the following equation:
∆ddesti,j (t) = −∆tidi,j(t)/τdest,i , (9)
where ∆ti and τdest,i are the individual time step width
and destruction timescale for the ith gas particle (τdest,i is
taken to be constant). The present implementation (Eq. 8)
improves this considerably.
It is worthwhile mentioning that, the low metallicity
homogenous ISM in high redshift galaxies for which Nozawa
et al. did their calculations is different from the ISM in low
redshift galaxies. The ISM of low redshift galaxies is richer
in metals and is inhomogenous with multiple phases that
have different densities and filling factors. Thus, SNe shocks
predominantly propagate in the diffuse low–density regions
and they become inefficient if the density contrast between
different phases is high (Dwek et al. 2007). The presence
of abundant metals also reduces the ability of the shock to
propagate since they provide efficient cooling (Mswept,k is
reduced; Yamasawa et al. 2011; Asano et al. 2013). Further-
more, massive stars that migrate away from their parent
clusters and explode in diffuse media have higher destruc-
tion effect than those exploding in high–density media (e.g.
McKee 1989; Oey & Lamb 2012) or as part of correlated
SNe (exploding in superbubbles of previous SNe; Higdon
& Lingenfelter 2005). Not accounting for or resolving those
different effects results in estimation errors of the dust de-
struction that go both ways (i.e. underestimation and over-
estimation).
(IV) polycyclic aromatic hydrocarbons (PAHs) forma-
tion. The most likely site for PAH formation is the carbon–
rich ABG stars (Draine et al. 2007; Meixner et al. 2010;
Takagi et al. 2010; Sandstrom et al. 2012). Thus, the as-
sumption is that some fraction of the carbon dust produced
by carbon–rich AGB stars can eventually become PAH dust.
Properties of PAH dust is outside the scope of this study,
refer to B13 for more details.
MNRAS 000, 1–?? (2005)
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2.3 H2 Formation and Dissociation
The balance between H2 formation on dust grains and dis-
sociation by FUV radiation is what determines the mass
fraction of H2 to the total hydrogen gas (fH2) in B13 and
the present model. fH2 is a function of the ISM properties
and the interstellar radiation field (ISRF).
fH2 = F (Tg,i, nH,i, Di, χi), (10)
where F is a function for fH2 determination and Tg,i, nH,i,
Di, and χi are the ith gas particle temperature, hydrogen
number density, dust–to–gas ratio, and the strength of the
FUV radiation field around the gas particle, respectively,
calculated at each time step. To estimate χi SEDs of stel-
lar particles around each i gas particle (thus ISRF) are first
estimated for ages and metallicities of the stars using stel-
lar population synthesis codes for a given IMF (initial mass
function; Bruzual & Charlot 2003). Then the strength of the
FUV part of the ISRF is estimated from the SEDs so that
χi can be derived for the ith gas particle. Salpeter IMF is
adopted in this model.
2.4 Star formation
Recent observations showed that local SFRs are well corre-
lated with local dust density rather than with the atomic
hydrogen (HI) or H2 densities (Komugi et al. 2018). How-
ever, in this model, we implement the commonly used ‘H–
dependent’ SF recipe, i.e. SFR depends on the total gas
density. In this recipe, if a gas particle satisfies the following
conditions (i)–(iii), a new stellar particle is born out of the
gas with Salpeter IMF. (i) The sound crossing timescale is
longer than the local dynamical timescale, (ii) the local ve-
locity field is identified as being consistent with gravitation-
ally collapsing, and (iii) the local density exceeds a threshold
density for star formation (ρth). In the present study ρth is
taken to be 1 cm−3.
2.5 Gravitational dynamics and hydrodynamics
Multiple gravitational softening lengths are used in this
model, i.e. εdm for the dark matter component and εg for
the gas component. Furthermore, new stars have the same
softening length as the gas particles. In case two different
components interact, the mean of their softening lengths
is taken. The ISM is considered to be an ideal gas with
a ratio of specific heats equals 5/3, and Hernquist & Katz
(1989) method is used to implement the SPH. Moreover,
the predictor–corrector algorithm is adopted to integrate the
equations describing the time evolution of the system. An
individual time step width (∆t) is allocated for each parti-
cle that is determined by its physical properties. The max-
imum time step width (∆tmax) is 0.01 in simulation units
which means ∆tmax = 1.41 × 10
6 yr in physical units and
∆tmin =1.41 ×10
4 yr.
Each SN is assumed to eject energy (Esn) of 10
51 erg,
90% of Esn is used for increasing the thermal energy (‘ther-
mal feedback’), and the rest is exhausted by random motions
(‘kinematic feedback’). The energy–ratio of thermal to kine-
matic feedback is consistent with previous numerical simula-
tions by Thornton et al. (1998). The way to distribute Esn of
SNe among neighbour gas particles is the same as described
in Bekki et al. (2013). The radiative cooling processes are
included by using the cooling curve by Rosen & Bregman
(1995) for 100 6 T < 104K and the MAPPING III code for
T > 104K (Sutherland & Dopita 1993).
2.6 Isolated disc galaxy model
In the present model, the Navarro, Frenk & White (1996)
dark matter halo density profile is adopted.
ρ(r) =
ρ0
(r/rs)(1 + r/rs)2
, (11)
where r, ρ0, and rs are the spherical radius, the character-
istic density, and the scale length of the halo, respectively.
The c–parameter (rvir/rs, where rvir is the virial radius) is
chosen for a givenMh (= Mdm +Mg where Mdm and Mg are
the mass of the dark matter and gaseous halos, respectively)
according to the predicted c–Mh relation in the ΛCDM sim-
ulations (e.g. Neto et al. 2007). The gaseous halo is assumed
to have the same density distribution initially and to be in
hydrostatic equilibrium. Therefore, the initial temperature
of a halo gas particle is determined by the gravitational po-
tential at its location, its total mass, and density via Euler’s
equation for hydrostatic equilibrium.
2.7 fdes and Cs investigated ranges
In our framework, fdes and Cs are the two free parame-
ters that modify the dust growth rate and the destroyed
dust fraction (see section 2.2). Thus, we focus on studying
those two parameters by investigating a gird of 21 models
with different combinations of fdes and Cs values ranging
between 0.01 and 0.05 for fdes, and between 0 and 1 for Cs.
It is important to stress that, although this study is based
on MW–like galaxy models with the typical MW proper-
ties listed in Table 2, they are not calibrated to reproduce
the global values such as dust–to–gas, dust–to–metals ra-
tios. These properties are the result of the dust evolution.
To access the feasibility of the models, we use the log(D/G)
vs [12 + log(O
H
)] scaling relation. This relation is essential
in tracking dust evolution in galaxies and its processing in
the ISM. However, it is not clear whether or not the slope
of the relation is unity. In the Milky way, D98 found that
the slope of the log(D/G) vs [12 + log(O
H
)] relation is unity
assuming the same time dependence for the destruction and
growth timescales. Remy–Ruyer et al. 2014 also showed that
in galaxies with [12 + log(O
H
)] > 7.96 ± 0.47 or 8.10 ± 0.43,
a unity power index is a good fit to the relation although
the scatter is large. Remy–Ruyer et al. fit could describe, on
average, the integrated dust abundance in those galaxies as
a function of the global metallicity. In dwarf (Remy–Ruyer
et al. 2014) and resolved spiral galaxies (e.g. M101 galaxy;
Chiang et al. 2018), a unity slope does not accurately explain
the relation between dust and metallicity. Accordingly, we
only require the dust–to–gas ratio to increase monotonically
as a function of metallicity.
Table 4 summarises the results of the χ2 fit to log(D/G)
= βms[12 + log(
O
H
)] + b for each model at T = 1 Gyr. We
first fix Cs to its maximum value (one) and vary the value of
fdes for four different models (the first four rows in Table 4).
We stop when a negative slope for the relation is obtained
since such a trend suggests that as the galaxy evolves and
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Table 4. The grid of models with different combinations of fdes and Cs values. βsm is the slope of the linear fit to the simulated data
in log(D/G) vs 12 + log(O
H
) relation. MH2 , MHI , M∗, MD, MZ , and MG are the total mass of H2, HI, stars, dust, metals, and total
gas. βsm, MH2 , MHI , M∗, MD, MZ , and MG are measured at T = 1 Gyr.
Model ID fdes Cs βsm
MH2
MHI
MH2
M∗
MD
MZ
MD
M∗
MZ
M∗
MD
MG
M1 0.01 1 1.41±0.001 0.484 0.029 0.735 0.0009 0.0012 0.011
M2 0.02 1 0.59±0.001 0.204 0.015 0.291 0.0005 0.0017 0.006
M3 0.03 1 −0.46±0.001 0.118 0.009 0.147 0.0003 0.0019 0.003
M4 0.05 1 −2.16±0.001 0.063 0.005 0.077 0.0002 0.0021 0.002
M5 0.01 0 −0.60±0.001 0.082 0.007 0.127 0.0003 0.0020 0.003
M6 0.01 0.1 −0.33±0.001 0.084 0.008 0.144 0.0003 0.0020 0.003
M7 0.01 0.2 −0.07±0.001 0.10 0.008 0.167 0.0003 0.0019 0.004
M8 0.01 0.3 0.25±0.001 0.119 0.009 0.203 0.0004 0.0019 0.004
M9 0.01 0.4 0.53±0.001 0.157 0.012 0.250 0.0004 0.0018 0.005
M10 0.01 0.5 0.73±0.001 0.20 0.015 0.30 0.0005 0.0017 0.006
M11 0.01 0.6 0.95±0.001 0.253 0.018 0.372 0.0006 0.0016 0.007
M12 0.01 0.7 1.13±0.001 0.732 0.037 0.469 0.0007 0.0015 0.008
M13 0.01 0.8 1.22±0.001 0.346 0.022 0.535 0.0008 0.0015 0.010
M14 0.01 0.9 1.35±0.001 0.40 0.025 0.644 0.0009 0.0014 0.010
M15 0.02 0 −1.52±0.001 0.056 0.005 0.084 0.0002 0.0021 0.002
M16 0.02 0.1 −1.36±0.001 0.061 0.005 0.091 0.0002 0.0021 0.002
M17 0.02 0.3 −0.97±0.001 0.080 0.006 0.109 0.0002 0.0020 0.003
M18 0.02 0.5 −0.50±0.001 0.090 0.007 0.138 0.0003 0.0020 0.003
M19 0.02 0.7 −0.01±0.001 0.114 0.009 0.183 0.0003 0.0019 0.004
M20 0.02 0.8 0.23±0.001 0.137 0.011 0.216 0.0004 0.0018 0.005
M21 0.02 0.9 0.45±0.001 0.160 0.012 0.260 0.0005 0.0018 0.005
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Figure 2. The surface mass density of dust (upper left), H2 (upper right), metals (bottom left), and HI (bottom right) (ΣD , ΣH2 , ΣM ,
and ΣHI , respectively) at T = 1 Gyr in logarithmic scale projected onto xy plane for the MW models, M1 (left panel of each subfigure,
fdes = 0.01, Cs = 1) and M5 (right panel of each subfigure, fdes = 0.01, Cs = 0).
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Figure 3. Normalised histograms of the surface mass density of the dust (left), H2 (middle left), metals (middle right), and HI (right)
(ΣD , ΣH2 , ΣM , and ΣHI , respectively) in logarithmic scale at T = 1 Gyr for M1 (red dashed) and M5 (blue solid) models. The vertical
gray dashed, and solid lines represent the mean of each surface density for the models M1 and M5, respectively.
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Figure 4.Normalised histograms of the dust growth rate in 1 Gyr
of evolution (∆MD =
MD(final)−MD(initial)
MD(initial)
) for the models M1
(red dashed) and M5 (blue solid).
increases its metals, dust mass decreases which is not physi-
cal and not observed. Accordingly, we discard all the models
that behave in such a way, this process resulted in two val-
ues for fdes 0.01 and 0.02. Fig. 10 shows an example of two
models (M5, M15) with negative slopes. Note that we have
not studied the full parameter space for fdes and stopped at
fdes = 0.05, and this is because of all models with fdes >
0.02 would yield negative slopes.
The rest of the models are used to study variations of
Cs and their influence. For each value of fdes obtained in the
previous step, we also vary the value of Cs for different mod-
els, and again discard all models with negative slopes. As a
final step, we use observational studies to clean the models’
set farther by rejecting all models that yield slopes outside
the observed range (below 0.55; Sandstrom et al. 2013). Sev-
eral studies addressed this relation and tried to quantify it
with different data sets on different scales. Therefore, we
choose studies in such a way that they are statistically rep-
resentative and on different scales, from integrated galaxy
properties (Draine et al. 2007; Remy–Ruyer et al. 2014) to
spatially resolved (Leroy et al. 2011; Sandstrom et al. 2013;
Chiang et al. 2018). This resulted in Cs values range be-
tween 0.5 and 1. However, applying a single value of fdes
and Cs throughout a galaxy is an approximation (perhaps
even oversimplification) of their complex behaviour.
The adopted SF recipe could influence the range of
dust parameters. Implementing H2–dependent recipe, for in-
stance, would suppress star formation in the first Gyr of
evolution. This is because, despite the high total density of
the gas particle, H2 forms a small fraction of the gas and its
density is not high enough (B13). Accordingly, Cs will likely
be pushed to higher values and fdes to lower values. Other
dust processes such as shattering and PEH can also influ-
ence the parameters’ range. Shattering will possibly increase
both fdes and Cs because it enhances dust destruction and
growth processes. PEH suppresses SF (Forbes et al. 2016;
Hu et al. 2017), and hence this process has the same effect
as implementing H2–dependent recipe. We will investigate
these different effects in our forthcoming papers.
Table 4 also shows ratios of the molecular hydrogen
(MH2/MHI , MH2/M∗), dust (MD/MZ , MD/M∗, MD/MG),
and metals (MZ/M∗) in all models at T = 1 Gyr. Where
MH2 , MHI , M∗, MD, MZ , and MG are the total mass of
H2, HI, stars, dust, metals, and total gas in each model.
Our models sit in two groups according to the observed
MH2/MHI ratio in the MW (about 0.25; Yin et al. 2009),
models with MH2/MHI > 0.25 (namely, M1, M11–M14) and
models with MH2/MHI < 0.25 (the rest of the models). This
result is a reflection of the efficiency of the transformation of
the metal between the dust and gas phases. The same models
within the higher range of MH2/MHI ratio are in the higher
range of the MD/MZ ratio (MD/MZ > 0.4, where 0.4 is the
MW value). The number of models that approximately re-
produce the MW MD/M∗ ratio (0.001) is slightly extended
to include, along with the models mentioned above, M2,
M16, and M21. While about half of the models (M1, M2,
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M9–M14, M20, and M21) nearly have the MW dust–to–gas
ratio (0.01).
3 RESULTS
3.1 Dust and gas spatial distribution
Fig. 2 shows the influence of dust grwoth on the dust (upper
left), H2 (upper right), metals (bottom left), and HI (bot-
tom right) surface density distributions (ΣD, ΣH2 , ΣM , and
ΣHI , respectively) at T = 1 Gyr. Surface densities for the
model with dust growth (i.e. Cs has a none zero value; W/)
are displayed on the left panel of each subfigure and on the
right for the model without dust growth (Cs is zero, i.e. in-
finite accretion timescale; W/O). Fig. 2 shows MW models
M1 (fdes = 0.01, Cs = 1) and M5 (fdes = 0.01, Cs = 0).
Dust growth depletes metals from the gas–phase (Savage &
Sembach 1996; Jones 2000; Sofia 2004), accordingly, metals
surface density is lower and dust surface density is higher
in M1 model compared to M5. Dust growth also enhances
HI–to–H2 conversion rate in M1 since molecular hydrogen is
efficiently formed on surfaces of dust grains (Fukui & Kawa-
mura 2010; Cazaux & Tielens 2004). This leads to a higher
abundance of H2 and lower abundance of HI in M1 compared
to M5. Moreover, molecular hydrogen has clumpy structure
in both models compared to the spiral structure of HI, met-
als, and dust. This is because H2 is formed in the densest
regions of the ISM rather than merely along the spiral arms.
Furthermore, the presence of a bar in those models en-
hances star formation in the central regions by channelling
the gas inwards (Kormendy & Kennicutt 2004; Kormendy
2013; Cervantes–Sodi 2017), hence dust formation (destruc-
tion) and metal enrichment by stars are enhanced as well.
This enhancement results in the higher densities of dust and
metals in the central regions. However, the intense radiation
field in those regions combined with the low dust abundance
reduce H2 abundance efficiently in the central regions of M5
model. At variance with M1 model where the enhanced H2
formation rate due to the dust growth is able to counterbal-
ance the process.
Fig. 3 shows normalised histograms of the dust (left),
H2 (middle left), metals (middle right), and HI (right) sur-
face densities (ΣD, ΣH2 , ΣM , and ΣHI , respectively) at T
= 1 Gyr in models M1(red dashed) and M5 (blue solid).
The vertical gray dashed, and solid lines represent the mean
of each surface density in M1 and M5, respectively. As dis-
cussed above, the model with dust growth (M1) dominates
the dust and H2 distributions with higher mean surface den-
sities. The contrary is true for the metals and HI surface
densities where the model without dust growth (M5) dom-
inates the distributions with higher mean values, although
only slightly higher. For clarity, we also plot the normalised
histograms of the dust growth rate in 1 Gyr of evolution
(∆MD) in Fig. 4 for the models M1 (red dashed) and M5
(blue solid). ∆MD is defined as:
∆MD =
MD(final)−MD(initial)
MD(initial)
(12)
where MD(initial) and MD(final) are the initial and final
dust mass in each gas particle. In the case of M1 model,
almost all the particles have a positive growth rate with a
mean close to unity (0.80) contrary to M5 which has a mean
of −0.40.
Arguments made for the models in Figs 2, 3, and 4 are
true for the models M2 (fdes = 0.02, Cs = 1) and M15
(fdes = 0.02, Cs = 0) in Figs 5, 6, and 7. However, the
comparison between each pair of those figures emphasises
the significance of the parameter fdes in the dust, HI, H2,
and metals evolution, fdes determines the fraction of dust
destroyed in a single SPH particle (higher values of fdes
corresponds to higher destroyed fractions; see sections 2.2
and 2.7). When fdes is doubled from 0.01 in models M1 and
M5 to 0.02 in M2 and M15 models, dust total mass dropped
by more than a half in model M2 compared to M1 and by
about two thirds in model M15 compared to M5. Thus, the
molecular hydrogen surface density is higher in models M1
and M5 compared to M2 and M15 models, while metals and
atomic hydrogen densities are higher in M2 and M15. This
is because metal incorporation back to the gas–phase from
dust phase (dust destruction) is more efficient and HI–to–H2
conversion is less efficient in M2 and M15 models.
Dust is effectively destroyed in spiral arms due to SNe
explosions of massive stars therein. Thus, the enhanced dust
destruction in Fig. 5 diminishes the association of the dust
with the spiral arms in M2 model compared to M1. In the
extreme case of M15, regions with the lowest dust surface
density track the spiral arms precisely. Metals association
with the spiral arms is also influenced however less severely.
The slightly different structure exhibited by the different
models (M1, M2, M5, and M15) indicates that fdes and Cs
influence the ISM structure as a whole and not only the
dust abundance. Furthermore, the higher fraction of dust
destroyed causes a significant fraction of the gas particles in
M2 model to have negative ∆MD (Fig. 7). This results in an
overlap with M15 model in the range from −0.12 to −0.60
in which ∆MD smoothly declines for M2. The mean dust
growth rate decreased by order of magnitude in M2 (0.05)
compared to M1, and by a factor of 0.14 in M15 (−0.54)
compared to M5.
3.2 Radial profiles
Fig. 8 shows the radial profiles of H2–to–HI (ΣH2/ΣHI ; left)
and dust–to–metals (ΣD/ΣM ; right) surface density ratios in
lognormal scale, for models M1 (red solid lines), M2 (green
dotted lines), M5 (magenta dashed dotted lines), and M11
(blue dashed lines). Models with dust growth (M1, M2, and
M11) have similar H2–to–HI profiles, where they steadily
decline in the inner 2–3 kpc from 0.4, −0.02, and −0.4 dex
to −0.3, −0.7, and −1 dex, respectively. This decline is fol-
lowed by almost constant H2–to–HI ratio between 2–3 kpc
and 12 kpc in M1 and M11 models before a rapid drop in
the outer regions occurs. In M2, H2–to–HI ratio raises by a
factor of 0.2 dex at 6 kpc compared to its value in the inner
3 kpc, and continues to raise to reach a peak at 10 kpc be-
fore dropping to −4.5 dex in the outer regions. The model
without dust growth (M5) starts with much lower H2–to–HI
ratio in the inner 2–3 kpc compared to the other models. M5
has H2–to–HI ratio three orders of magnitude lower than M1
in the first kpc. However, it shares a similar trend with M2
in radii > 3 kpc. In all models with fdes < 0.02 and Cs >
0.6, H2 dominates the gas surface density in the inner 1 kpc.
M11 is the first model in which HI dominates the gas den-
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Figure 5. Same as in Fig. 2 for models M2 (left panel of each subfigure, fdes = 0.02, Cs = 1) and M15 (right panel of each subfigure,
fdes = 0.02, Cs = 0).
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Figure 6. Same as in Fig. 3 for models M2 (red dashed) and M15 (blue solid).
sity throughout the galaxy except, perhaps, the innermost
region.
Similar to H2–to–HI profiles, dust–to–metals profiles in
models M1, M2, and, M11 gradually decrease from 0.15,
−0.29, and −0.50 dex to −0.10, −0.50, and −0.70 dex, re-
spectively, in the inner 2–3 kpc. Then steadily decline far-
ther in M1, or slightly/significantly raise before flattening
in models M11 and M2, respectively. M5 has opposite trend
compared to M1, M2, and M11, the dust–to–metals ratio in-
creases continually from −01.80 dex at the centre to −0.40
dex in the outer skirts of the simulated galaxy. All the mod-
els have almost the same dust–to–metals ratio beyond 13
kpc where dust processing is not affecting the initial dust
and metals distributions much. M1 and M14 are the only
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Figure 7. Same as in Fig. 4 for M2 (red dashed) and M15 (blue
solid).
models in which the majority of the metals in the inner 1
kpc are in the dust phase. In both panels of the H2–to–HI
and dust–to–metals profiles, models are ordered in such a
way that models with higher dust–to–metals ratio also have
higher H2–to–HI ratio.
Dust destruction and growth parameters influence ra-
dial profiles as well. Models with low fdes (= 0.01) and high
Cs (> 0.6) produce sufficient dust amount throughout the
galaxy. In this case, dust–to–metals ratio maintain exponen-
tial profiles and hence H2–to–HI ratio also maintain nearly
exponential profiles. On the other hand for Cs 6 0.6 (and
M2), dust–to–metals and H2–to–HI deviate from exponen-
tial profiles since the models have a considerable amount of
dust in the outer regions due to the low number of SNe going
off therein. This causes dust–to–metals profiles to raise in-
stead of continuing to decline, and then drop beyond 7.5 kpc.
The increase of the dust–to–metals ratio combined with the
weak stellar radiation field causes H2–to–HI ratio to raise as
well before dropping beyond 10 kpc.
3.3 Dust spatial correlations
We explore the spatial correlations of dust in a sample of
our models considering two types of correlation; linear cor-
relation:
ΣH2 = αH2lΣD, (13)
ΣG = αGlΣD, (14)
and nonlinear correlation:
ΣH2 = αH2nlΣ
P
D, (15)
ΣG = αGnlΣ
P
D, (16)
where P is a power index, αH2l, αGl, αH2nl, and αGnl are the
slopes of the χ2 fit to the simulated data for the linear and
nonlinear fits to ΣH2 vs ΣD and ΣG vs ΣD, respectively.
All of the fit parameters are also described in Table 3 for
clarity. In the former correlation, we assume that ΣH2–ΣD
follow the same relation considered to be between ΣG and
ΣD (Israel 1997a; 1997b; Leroy et al. 2007; 2009; Gratier et
al. 2010; Leroy et al. 2011; Sandstrom et al. 2013), and in
the later we allow the relationship to be different.
Fig. 9 shows H2 surface density versus dust surface den-
sity (ΣH2 vs ΣD; left) and the total gas surface density ver-
sus dust surface density (ΣG vs ΣD; right) for the models
M1, M2, M10–M14 (with dust growth) and M5, M15 (with-
out dust growth; see Table 4 for the models specifications).
Solid lines with different symbols/colours and error bars rep-
resent the bin mean and standard deviation of the simulated
data in the different models. fdes in all models, except for
M2 and M5 (fdes = 0.02), is 0.01. The cyan solid and ma-
genta dashed lines are the mean linear (αH2l = 27±3, αGl
= 76±29) and nonlinear (αH2nl = 27.4±4.4, P = 0.90±0.07;
αGnl = 66.7±5, P = 0.66±0.04) fits to the models M1, M2,
M10–M14, respectively. Models lie on ΣG–ΣD plane accord-
ing to the amount of dust therein, which depends on the
combination of fdes and Cs adopted. When fdes is high
and/or Cs is low, a steep slope in the ΣG–ΣD relation is
obtained, and vice versa. This is because the gas cooling is
dependent, in part, on the dust corrected metallicity. M2
(pink up triangle) is the model that produces the least dust,
therefore, it has the steepest slope on the ΣG vs ΣD plane.
M2 is proceeded by models with fdes = 0.01 in increasing
order of Cs. In the ΣH2 vs ΣD plane, the order of models is
less obvious.
Furthermore, the correlation between ΣH2 and ΣD is
tighter than the correlation between ΣG and ΣD. Besides,
ΣH2–ΣD relation can be fitted by linear correlation, while
ΣG–ΣD relation is better fitted by nonlinear correlation.
This is important, though not completely surprising since
there is an underlying relation between dust and molecu-
lar hydrogen and there is no such direct relation between
dust and total gas and atomic hydrogen. While Leroy et
al. (2011), Hughes et al. (2104), and Relano et al. (2016)
found a linear correlation in both relations, B13 results for
ΣH2 and ΣD relation show a hint to a nonlinear correlation.
Trends of the models without dust growth (M5, M15) are
also consistent with linear correlation on the ΣH2–ΣD plane.
This is because the physics of H2 formation and destruction
in both types of models (with and without dust growth) is
the same (see section 2.3). M5 and M15 models modify the
mean values of the fits slightly on ΣH2–ΣD plane (αH2l =
27.5; αH2nl = 29.2, P = 0.93). However, they diverge signif-
icantly from models with dust growth (M1, M2, M10–M14)
on the ΣG –ΣD plane pushing up the mean values of the fits
(αGl = 112.9; αGnl = 139.8, P = 0.73).
3.4 Dust scaling relations
Fig. 10 shows log(D/G) vs 12+log( O
H
) (intrinsic metallicity)
in models M5 and M15 (models without dust growth). Solid
lines with different symbols/colours and error bars represent
the bin mean and standard deviation of the simulated data
in the two models. The cyan solid line represents the mean
fit to the models, and the magenta dashed line represents
the fit to observations by Remy–Ruyer et al. (2014) (the fit
parameters to the high metallicity range, 12+ log( O
H
) > 8.1,
are used). The same is shown in Fig. 11 for models M1, M2,
M10–M14 where the cyan solid line represents the mean fit
to the models with βsm = 1.05±0.3 (the slope of the relation)
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Figure 8. Radial profiles of H2–to–HI (ΣH2/ΣHI ; left) and dust–to–metals (ΣD/ΣM ; right) surface density ratios in lognormal scale,
for models M1 (red solid lines), M2 (green dotted lines), M5 (magenta dashed dotted lines), and M11 (blue dashed lines).
0.0 0.2 0.4 0.6 0.8 1.0 1.2
ΣD ( M⊙/pc2⊙
0
20
40
60
80
100
Σ H
2 (
 M
⊙/
pc
2 ⊙
M1
M14
M13
M12
M11
M10
M2
M5
M15
0.0 0.2 0.4 0.6 0.8 1.0 1.2
ΣD ( M⊙/pc2⊙
0
20
40
60
80
100
Σ G
 ( 
M ⊙
/p
c2
⊙
Figure 9. H2 surface density versus dust surface density (ΣH2 vs ΣD; left) and total gas surface density versus dust surface density (ΣG
vs ΣD ; right) for the models M1, M2, M5, M10–M15 (see Table 4 for the models specifications). Solid lines with different symbols/colours
and error bars represent the bin mean and standard deviation of the simulated data in the different models. Cyan solid and magenta
dashed lines are the mean linear and nonlinear fits to the models M1, M2, M10–M14, respectively.
and b = −11.4±2.4 (the intersection with y–axis). Models
with and without dust growth have opposite trends, positive
in the former and negative in the later.
Moreover, below metallicity of 8.42 gas particles have
dust–to–metal ratio very close to the initial value in all mod-
els, i.e. they are mostly unevolved in terms of dust process-
ing. Once dust processing takes place, the models behave
differently according to their adopted fdes and Cs values re-
sulting in different patterns. The slope becomes shallower
as fdes increases and/or Cs decreases accompanied by an
increase in the scatter until the trend is reversed when the
stellar production fails to counterbalance destruction pro-
cesses in the lack of or weak dust growth as in models M5
and M15 (see Table 4 for the individual models slopes).
Figs 10 and 11 illustrate the influence of variations of
dust parameters (fdes and Cs) on the time evolution of dust.
A unity slope in the log(D/G) vs 12 + log(O
H
) relation is
obtained only through averaging over a range of dust prop-
erties, as shown in Fig. 11 by the models mean fit (cyan
line) and the best fit to observations by Remy–Ruyer et al.
(2014) (dashed magenta line). Indeed looking at the individ-
ual models and their scatter, we find that when Cs is less
than or equal 0.7 and/or fdes is higher than 0.01, the rela-
tion is better fitted by two slopes with a transition around
8.89 dex. In the extreme cases of models M2 and M10, two
transitions are present around the solar metallicity and 8.89
dex. This may prompt the need to decently probe both ends
of the metallicity range to have a full understanding of this
relationship and its consequences concerning galaxy evolu-
tion.
4 COMPARISON WITH M101 GALAXY
Thanks to space facilities such as Herschel and Spitzer the
2D maps of dust and metals now are available with high
resolution (e.g. Leroy et al. 2011; Aniano et al. 2012; Sand-
strom et al. 2013; Draine et al. 2014; Calzetti et al. 2018;
Chiang et al. 2018). In this section, we attempt to compare
results of the models with optimal fdes and Cs values to the
MNRAS 000, 1–?? (2005)
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Figure 11. Same as in Fig. 10 for models M1, M2, M10–M14
where the cyan solid line represents the mean fit to the models
(βsm = 1.05±0.3, b = −11.4±2.4).
data of the spatially resolved M101 galaxy and discuss the
models limitations. This is primarily motivated by the study
presented in Chiang et al. (2018) which represents one of the
most accurate studies of the resolved dust–to–metal ratio in
nearby galaxies with data available to us and not limited to
radial profiles (Chiang et al. 2018, private communication).
M101 and the MW have similar stellar mass (5.3×1010 M⊙
van Dokkunm et al. 2014; 5×1010 M⊙ Yin et al. 2009), size
(r25 = 16.7 kpc Mihos et al. 2013; 16 kpc Bigiel & Blitz
2012), and gas fraction in the disk (0.3 Walter et al. 2008;
0.2 Yin et al. 2009). The average metallicity of M101, how-
ever, is 0.25 dex (8.44 in units of oxygen abundance) lower
than the MW one (8.69).
Although dust properties depend mainly on the under-
lying ISM properties, environmental processes such as tidal
interactions and ram pressure stripping could influence its
correlations with the gas (e.g. Bekki 2014; Cortese et al.
2016). The well–known asymmetry of M101 signs to possi-
ble tidal interactions with its companions that resulted in
tidal stripping of gas from M101 (Mihos et al. 2012; 2013;
2018). M101 is not a standard galaxy in terms of its gas ra-
dial profiles where the gas profile (H2 + HI) spans only 0.5
dex from the centre to about 16 kpc. This shallow profile is
a result of steeply rising HI profile and steeply decreasing
H2 profile. With all of this in mind, we use M101 data not
to look for a perfect match, but to investigate potential lim-
itations of our model in reproducing the properties of spiral
galaxies.
4.1 Dust spatial correlations
We start with inspecting M101 data that is available to us.
Dust surface density in M101 has a small range compared
to our models (< 0.2 M⊙/pc2), and it has a bimodal dis-
tribution. A large fraction (70%) of the ISM gas has ΣD
< 0.07 M⊙/pc2 with a peak around 0.03 M⊙/pc2 (most of
it resides at distances larger than 6 kpc from the centre).
Smaller fraction of gas (30%) has ΣD > 0.07 M⊙/pc
2 with
a peak around 0.09 M⊙/pc2. Only 23% of M101 data is for
regions within the inner 6 kpc. The wide metallicity range
in M101 (7.8 to 8.7 in 12+log(O
H
) units) is mainly caused by
the ISM beyond 6 kpc in which metallicity spans 0.71 dex.
Additionally, the dust–to–gas ratio in logarithmic scale cov-
ers a wide range from −4.4 to −1.9. Furthermore, looking at
the full data of M101 in comparison to the full data of the
models, we find that, unlike our models, ΣH2–ΣD relation in
M101 is not accurately described by linear correlation (αH2l
= 83.8±0.84; αH2nl = 1216±49.5, P = 2±0.02). However,
the bulk of ΣG–ΣD relation is well described by linear corre-
lation as our models in this range of ΣD (αGl = 208.7±1.14;
αGnl = 40±1.6, P = 0.4±0.013; these values are for the full
data sample).
In the following, we try to compare regions in M101
and the models that have similar ISM properties instead
of comparing the full data. For that purpose, we use the
dust–to–gas ratio and metallicity as indicators of the ISM
properties. First, we select all the ISM regions (in M101 and
the models) with dust–to–gas ratio between the minimum
accessible by the models and the maximum in M101 galaxy.
This selection excludes regions with low dust–to–gas ratio
in M101 (below the minimum value accessible by the mod-
els) and regions with high dust–to–gas ratio in the models
(beyond M101 maximum value). Furthermore, we discard
all the regions with dust–to–metals ratio close to the ini-
tial value (within an error of 0.05) and located beyond 13
kpc from the centre of the models since they are mostly un-
evolved in terms of dust processing. These regions have dust
surface density below the minimum in M101 data from the
previous step. The data selected in the previous steps is then
split into two bins according to the gas–phase metallicity, 8.2
6 AO < 8.4 and 8.4 6 AO 6 8.7 (AO ≡ 12+ log(
O
H
)), here-
after low and high metallicity bins, respectively. Switching
to the gas–phase metallicity shifts the metallicity range in
the models by about 0.14 dex to the left, i.e. regions that
we consider unevolved in terms of dust processing now have
metallicity below 8.26. Note that the data used in and ex-
cluded from the comparison in both M101 and models over-
lap in the gas surface density versus metallicity plane by
various degrees. This selection, particularly, addresses the
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Figure 12. The 2D distribution of ΣH2 vs ΣD presented by contours. Red filled dashed contours show M101 data, and grey filled solid
contours show M1, M14, M13, and M12 models from left to right, respectively. Top and bottom rows include data with AO > 8.4 and
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Figure 13. Same as in Fig. 12 for ΣG vs ΣD.
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mutual dependence between dust and H2 (ΣH2–ΣD) since
the molecular hydrogen fraction is a function of the dust–
to–gas ratio along with other ISM properties in the present
simulation (see section 2.3).
Fig. 12 shows the 2D distribution of ΣH2 vs ΣD pre-
sented by contours. Red filled dashed contours show M101
data, and grey filled solid contours show M1, M14, M13,
and M12 models. The top row shows the results for the high
metallicity bin while the bottom row shows results for the
low metallicity bin. In the top row, ΣH2–ΣD correlation in
M101 is reproduced well by the models up to dust surface
density slightly above 0.1 M⊙/pc2 despite the higher scatter
seen in the models. At this dust surface density, the density
of the data is two, four, and more than four times lower in
models M12, M1, M13, and M14, respectively, compared to
the density in M101. Around the origin, the models have
two times higher density on average. As ΣD increases (>
0.1 M⊙/pc2) the location of the ISM gas in M101 and in
the models shifts towards the central regions. In these re-
gions, M101 maintains high H2 surface density that increases
quadratically with ΣD, while the intense radiation field in
the models suppresses H2 surface density compared to M101.
Only when ΣD is higher than 0.4 M⊙/pc
2, ΣH2 can reach
values as high as in M101. To understand the difference be-
tween our models and M101 data in terms of radiation fields
induced by stars, we compare the SFR surface density ra-
dial profiles in the models to M101 radial profile (Chiang
et al. 2018; Leroy et al. 2019 private communication). The
SFR radial profile of M101 is considerably shallower than
the models’ profiles, however, the central SFR density of
the models is higher by about 0.4 dex. Accordingly, H2 in
the central regions is subjected to more intense radiation
fields in the models.
In the low metallicity bin (bottom row), the models
overestimate M101 data. The models produce a significant
amount of H2 in these outer regions (11–17.3 kpc) as ad-
dressed in section 3.2 due to the reduced radiation field com-
bined with the amount of dust therein. In this low metallic-
ity range, M101 contours reveal two populations. The first
with high H2 abundance includes ISM that follows the same
trend as in the high metallicity bin (top row), while the sec-
ond with lower H2 abundance includes ISM with extremely
high total gas surface density for its location and metallic-
ity. The gas in these ISM clouds is dominated by HI and it
is highly enriched with dust, this causes the deviation from
the trend in the high metallicity bin. The outermost contour
represents density three times higher than in the top row.
Fig. 13 is same as Fig. 12 for ΣG vs ΣD. M101 has a wide
parameter space on this plane with a wing–like structure
formed by the low metallicity ISM. The models can hardly
reproduce the full parameter space and only trace the bulk
of M101 data in the high metallicity bin which contains the
bulk of all the data (top row). M101 data in the bottom
row is underestimated. The two metallicity bins overlap re-
garding the dust–to–gas ratio range. While the overlap is
minimal in the models, the high metallicity bin in M101
fully overlaps with the low metallicity bin. This drives the,
apparently, worse reproduction of M101 data on this plane.
The selection criterion we used, based on the dust–to–
gas ratio and metallicity, could exclude interesting parts of
the ISM such as regions with similar gas surface density and
metallicity but with higher or lower dust surface density.
Hence, a selection based on the gas density and metallicity
is ideal, however, it is more challenging because of the uncon-
straint absolute scale of metallicity. Thus, we made a selec-
tion on the gas density to look for those regions. We selected
all regions in the ISM with a gas surface density below 20/25
M⊙/pc2 for M101 (89%/97% of the data) and the models
(93%/95% of the data). Then this data is split into the same
metallicity bins as previously. The results of this selection
are not considerably different from the results we described
above in the high metallicity bin. In the low metallicity bin,
the models only slightly overestimate H2 abundance. This
improvement is opposed by the worse results for the total
gas abundance. In case the unevolved particles were included
in the first selection, the results of the second selection are
largely recovered in the low metallicity bin for the models.
Accordingly, the two selection criteria yield the same con-
clusions qualitatively.
In our aim to understand the wide parameter space in
the ΣG vs ΣD plane especially the ‘wing’ structure, we run
additional models with lower central metallicities shown in
Fig. 14. Fig. 14 shows the 2D distribution of ΣG vs ΣD pre-
sented by contours. Red filled dashed contours show M101
data, and grey filled solid contours show models with cen-
tral metallicity AO = 8.1, 8.4, and 8.7 (MW value) from left
to right, respectively. There is no selection criterion applied
to the data shown. We adopt M1 dust parameters in these
models (fdes = 0.01 and Cs = 1). While the model with AO
= 8.1 reproduces the upper wing (M101 data with metallic-
ity 6 8.4), the models with AO = 8.4 and 8.7 encapsulate
the lower wing (M101 data with metallicity > 8.4). We run
other models where we changed other parameters such as
the metallicity gradiant and star formation threshold den-
sity. The results of all the models we ran point towards the
difficulty of reproducing the full parameter space of M101
galaxy with our isolated disk models.
5 DISCUSSION AND CONCLUSIONS
In this work, we have used our original chemodynamical code
to study the influence of dust parameters (fdes and Cs) vari-
ation on dust and gas spatial correlations, and dust–to–gas
ratio versus metallicity relation. fdes is a parameter that de-
termines the fraction of dust destroyed in a single SPH par-
ticle surrounding SN, higher values of fdes corresponds to
higher destroyed fractions. The total mass of dust destroyed
by SN is estimated using Nozawa et al. (2006) formulae for
dust destruction efficiency and swept mass of the ISM by
SN (Eq. A3 and Table 8, and Eq. A4, respectively, see sec-
tion 2.2 for more details). Cs is the probability that a metal
atom or ion sticks to the dust grain after colliding, i.e., the
sticking coefficient. We have also attempted to constrain the
possible range of those parameters and compare our models
to the spatially resolved M101 galaxy. In the ISM of galax-
ies, variations in fdes and Cs are driven by variations in
dust composition (is not resolved here) and ISM conditions.
In the present work, the influence of fdes and Cs variation
is studied using models with different combinations of fdes
and Cs, our findings are summarised in the following.
(1) The dust–to–gas ratio versus metallicity relation is
found to be affected by the variations in fdes and Cs since
both influence dust abundance in the different epochs of the
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Figure 14. The 2D distribution of ΣG vs ΣD presented by contours. Red filled dashed contours show M101 data, and grey filled solid
contours show models with central metallicity AO = 8.1, 8.4, and 8.7 (MW value) from left to right, respectively.
galaxy evolution. At each metallicity value, more dust is
produced when fdes is lower and/or Cs is higher in the dif-
ferent models. This leads to a steeper correlation between
the dust–to–gas ratio and metallicity with less scatter in
each metallicity bin. We also acknowledge the different pat-
terns of the relation in the different models, which are due
to variations in fdes and Cs. Moreover, the linear trend be-
tween the dust–to–gas ratio and metallicity consistent with
observations (Remy–Ruyer et al. 2014) is obtained through
averaging over models with different dust parameters within
the predicted range. The predicted range of fdes and Cs is
obtained after discarding models that do not yield physical
trends of the dust–to–gas ratio versus metallicity relation
(negative slopes) as well as models that have slopes below
0.55 (Sandstrom et al. 2013). Repeating this practice for all
the models, we identify a final models’ set that contains 7
models out of 21 starting models. In this sample, fdes ranges
between 0.01 and 0.02, and Cs between 0.5 and 1.
According to the fdes values identified, the total frac-
tion of dust destroyed by SN (the mass ratio between the
dust destroyed to the dust originally present in all neigh-
bouring SPH particles) ranges on average between 0.42 and
0.44 and the average pre–shock density ranges between 5
and 8 cm−3, these results also averages over dust compo-
sition (see Table 2 in Nozawa et al. 2006). In low–density
media, namely nH = 0.25 cm
−3, about 25% of dust is de-
stroyed in our models which is cosistent with the range found
in previous studies for silicate and carbonaceous dust (10%–
38% and 7%–91%, respectively, see Table 2 in Micelotta et
al. 2018). It is also worth noting that fdes value controls
whether or not the total mass of dust destroyed by a SN
is the same as Nozawa’s. Only when fdes is 0.02 the to-
tal amount of dust destroyed equals to Nozawa’s otherwise
it is either smaller (fdes < 0.02) or higher (fdes > 0.02).
Hence, our models favour less dust destruction compared to
Nozawa’s since most of our feasible models have fdes = 0.01
(only one model has fdes = 0.02 and none have fdes above
0.02). The typical range of Cs obtained is also within the
range commonly adopted/investigated in literature (Spitzer
1978; Leitch-Devlin &Williams 1985; Hirashita & Kuo 2011;
Zhukovska et al. 2016 and references therein).
(2) fdes and Cs variations influence not only the dust
abundance but also the abundance of the different ISM com-
ponents, and the resulting correlations between the cold gas
(total and H2) and dust surface densities depend on the fdes
and Cs adopted values. The positive correlation between ΣG
and ΣD becomes shallower as fdes decreases and/or Cs in-
creases but the relation between dust parameters and ΣH2–
ΣD correlation is less obvious. We also find that, while ΣH2–
ΣD is well described by linear correlation (as in, e.g., Leroy
et al. 2011; Hughes et al. 2104; Relano et al. 2016), ΣG–ΣD
(contrary to observations and B13) is better explained by
nonlinear correlation. Dust correlation with H2 is found to
be tighter than with the total gas reflecting the mutual de-
pendence between dust and H2. However, dust correlations
discussed in 3.3 and 3.4 sections possibly evolve with time;
accordingly, we run M1 model for 3 Gyr. After 3 Gyr, the
slope and intersection of the dust–to–gas ratio versus metal-
licity relation slightly changed (10% and 7%, respectively)
while the linear relations between ΣH2 and ΣD, and be-
tween ΣG and ΣD became 41% steeper and 23% shallower,
respectively. The relation between ΣH2 and ΣD is still well
described by the linear fit while ΣG and ΣD relation after
3 Gyr is better described by linear correlation. Radial pro-
files of the H2–to–HI and dust–to–metals ratios also change
according to the adopted fdes and Cs values.
(3) Although ISM conditions are the main drivers of
dust properties, environmental processes influence its cor-
relations with the gas (Bekki 2014; Cortese et al. 2016).
M101 galaxy could be an example where tidal interactions
are affecting the gas content (Mihos et al. 2012; 2013; 2018).
Accordingly, comparing M101 data to the models without
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applying any selection criterion reveals the difficulty of re-
producing the ΣH2–ΣD correlation despite the bulk of the
correlation between ΣG and ΣD is reproduced. Therefore,
we apply a selection criterion that particularly addresses
the H2 formation model, and hence the correlation between
ΣH2 and ΣD (see section 4). M12 model (fdes = 0.01, Cs =
0.7) is the model that best reproduces M101 data accord-
ing to the selection criterion, however, it underestimates the
correlation between dust and H2 in regions with ΣD > 0.1
where the intense radiation field dissociates the modelled H2
efficiently. In the outer regions (metallicity < 8.4), M12 over-
estimates the correlation. Our simulations are also not able
to reproduce the full parameter space on the ΣG–ΣD plane.
Models with higher gas fraction do not change these argu-
ments, however, they improve the producibility of the data.
After testing several models with different star formation
recipes, gas fractions, central metallicities, and metallicity
gradients against M101 data, we conclude that (i) metallic-
ity is the primary driver of the spatial dust variations and
(ii) Dust–to–gas ratio is the driver of the cold gas spatial
variations since it controls the HI–to–H2 conversion rate.
The results we are presenting here are results of sim-
ulations with a resolution of mg = 3 × 10
4M⊙ which is
indeed not enough to resolve the high–density regions con-
sistent with the characteristic growth timescale reported in
Hirashita (2000) (102–103 cm−3). Only about 1% of the gas
particles have a density in the density range between 102 and
103 cm−3, while the vast majority have densities between 1
and 102 cm−3. This would have effects on fdes and Cs val-
ues that reproduce the observational trends. Accordingly, we
also run M1 and M2 models for 1 Gyr with a resolution of
6×105 M⊙. The amount of dust produced in 1 Gyr by M1
model (fdes = 0.01, Cs = 1) was barely changed (identical
to the third decimal) and the slope of dust–to–gas ratio vs
metallicity relation increased by about 12%. However, dust
produced by M2 (fdes = 0.02, Cs = 1) increased by 35%,
which considerably influenced the slope of dust–to–gas ra-
tio vs metallicity relation (increased by about 56%). Spatial
correlations are also influenced in such a way that the re-
lation between ΣH2 and ΣD is 57% steeper in M1 and M2
low–resolution models than in the original M1 and M2 mod-
els. M1 and M2 low–resolution models fall between M1 and
M2 models in the ΣG–ΣD plane and their relation can be
better fitted with linear correlation contrary to M1 and M2.
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